Mitochondria are found in all animals and have the unique feature of containing multiple copies of their own small, circular DNA genome (mtDNA). The rate and pattern of mutation accumulation in the mtDNA are influenced by molecular, cellular and population level processes. We distinguish between inherited and somatic mtDNA mutations and review evidence for the often-made assumption that mutations accumulate at a higher rate in mtDNA than in nuclear DNA (nDNA). We conclude that the whole genome mutation accumulation rate is higher for mtDNA than for nDNA but include the caveat that rates overlap considerably between the individual mtDNA-and nDNAencoded genes. Next, we discuss the postulated causal mechanisms for the high rate of mtDNA mutation accumulation in both inheritance and in somatic cells. Perhaps unexpectedly, mtDNA is resilient to many mutagens of nDNA but is prone to errors of replication. We then consider the influence of maternal inheritance, recombination and selection on the observed accumulation pattern of inherited mtDNA mutations. Finally, we discuss environmental influences of temperature and diet on the observed frequency of inherited and somatic mtDNA mutations. We conclude that it is necessary to understand the cellular processes to fully interpret the pattern of mutations and how they influence our interpretations of evolution and disease.
Introduction
Mitochondria are found in all animals and have the unique feature of containing multiple copies of their own small, circular DNA genome (mtDNA). Often it is assumed that the animal mtDNA genome accumulates mutations at a higher rate than does the nuclear DNA (nDNA) genome (1) (2) (3) (4) (5) (6) . We review this assumption and consider inherited mtDNA mutations that occur in germ line cells as distinct from those that occur in somatic cells and are clonally propagated. At the level of populations, inherited mtDNA mutations accumulated over many generations are a mainstay for making inferences about animal population structure and ecological history (3, 7, 8) . Somatic mtDNA mutations influence the inferred nucleotide diversity, accumulate with age and are correlated with human degenerative diseases, ageing and cancer (9) (10) (11) (12) (13) . Both inherited and somatic mtDNA mutations are subject to the forces of natural selection and genetic drift.
Replication, damage and repair of the mtDNA are cellular level processes that set the baseline rate of both inherited and somatic mutations and it is important to understand the contribution of these processes and any biases that they introduce (3, 9) . Most inherited and somatic mtDNA mutations are slightly deleterious and can affect biological processes that require energy (3, 7) . Because there are multiple copies of mtDNA in every cell, slightly deleterious mutations may be mixed with normal mtDNAs in a state known as heteroplasmy (14, 15) . Levels of heteroplasmy may be subject to selection and genetic drift so that low frequency, heteroplasmic alleles can shift to high frequency during both mitotic and meiotic cell division. This can lead to a potentially continuous array of bioenergetic defects in cells, tissues and individuals (16, 17) .
The goal of this review is to discuss our current understanding of the molecular, cellular and population level processes that influence the rate, accumulation and observed frequency of inherited and somatic mtDNA mutations. First, we introduce animal mitochondria and the mtDNA. Next, we distinguish between inherited and somatic mtDNA mutations and review the evidence for high rate of each. In this review, we focus on studies conducted in model animal systems as examples. A higher rate of mtDNA mutation accumulation compared to the nDNA is considered a general feature of the former genome (6) , however, the specific nucleotide substitution rate of mtDNA varies greatly within and between groups of organisms. For example, among mammals, the nucleotide substitution rate at third codon positions of the mtDNA-encoded cytochrome b gene varies by two orders of magnitude (18) . Further, it is well established that the nucleotide substitution rate of nuclear-encoded genes varies broadly (19) . Next, we discuss the evidence for postulated causal mechanisms of the high rate of mtDNA mutation accumulation in inheritance and in somatic cells (Figure 1 ). It has previously been accepted that the highly oxidative environment and lack of repair mechanisms in the mitochondrion are responsible, however, recent studies have questioned these mechanisms and suggest that mutation is an endogenous property of mtDNA replication (11) . We then consider the influence of maternal inheritance, paternal leakage, recombination and selection on the observed rate of inherited mtDNA accumulation. Finally, we discuss how the environmental factors of temperature and diet influence the observed frequency of both inherited and somatic mtDNA mutations.
In this review, we do not consider nuclear encoded mitochondrial fragments (NUMTS) as the process and pattern of these mutations is expected to differ from that of mtDNA-encoded genes. Woischnik and Moraes (20) identified 612 independent integrations of mtDNA sequences in the human nuclear genome. The number of identified pseudogene fragments together with the size of each fragment translates into a content of at least 0.016% of non-functional mitochondrial DNA inside the nuclear genome but these numbers differ between species (21, 22) . In the next section, we describe the mitochondrion and its genome.
Mitochondria and the mitochondrial DNA
Mitochondria are double membrane-bound, intracellular organelles that are well known to produce ATP via oxidative phosphorylation (OXPHOS). However, it is now well established that mitochondria have a variety of additional functions including signalling, cellular differentiation, and cell death. In OXPHOS, electrons that were harvested from oxidised substrates are passed from high-energy electron carrier molecules (NADH and FADH) through the mitochondrial electron transport chain (ETC) proteins to molecular oxygen, forming water. The energy released in each step of the ETC is transformed into a chemical potential gradient by pumping protons from the mitochondrial matrix across the inner mitochondrial membrane to create a positive proton-motive force. This positive force drives protons through the ATP synthase (Complex V) ultimately storing the energy as ATP. Mitochondria contain multiple copies of their own circular, double-stranded DNA genome, which encodes a subset of protein subunits of the mitochondrial ETC (Complexes I, III and IV) and the mitochondrial ATP synthase (Complex V). Importantly, Complexes I, III-V have both mitochondrial and nuclear-encoded subunits so the ETC operates through a coordinated interaction of the mitochondrial and nuclear genomes. Reactive oxygen species (ROS) and heat are produced in the mitochondrion as by-products of OXPHOS. The proximity of the mtDNA to ROS has been proposed as a cause of the high mtDNA mutation rate. However, ROS may only be deleterious in high concentrations and are now well established as signalling molecules and an essential component of the immunological defence against invading pathogens (23, 24) .
Animal mtDNAs are small, 15-20 kb pairs, and generally encode the same 37 genes. The DNA strand that contains the majority of mtDNA-encoded genes (28 genes in human) is termed the major or light strand (L, reflecting the guanine content, which affects molecular weight) and it is complemented by the minor or heavy (H) strand (9 genes in human). The typical gene complement includes 13 protein subunits of the OXPHOS complexes, two ribosomal RNAs (rRNAs) of the mitochondrial ribosome and the 22 transfer RNAs (tRNAs) required for translation of the mtDNA-encoded proteins. Genes may be encoded all on one strand, or on both, and each strand is transcribed as a single polycistronic transcript with protein coding genes punctuated by tRNA genes.
The non-coding region of mtDNA contains a single, large 'control region' that contains important cis-regulatory elements that are Figure 1 . Processes that influence the rate of mtDNA mutation accumulation in populations and individuals. Populations are composed of individuals (vertical ovals within the population oval) that may harbour one mtDNA variant, homoplasmy or multiple mtDNA variants, heteroplasmy (mtDNA is indicated by horizontal ovals, colours indicate variants). The array of mtDNA variants in a population is influenced by the processes of maternal inheritance, paternal leakage, recombination, selection and drift (arrow). In individuals (right) mtDNA mutations occur in the germline (smaller, horizontal oval) and can be inherited or occur in somatic cells (larger, vertical oval) and are not inherited. Mutations can arise by errors of replication in both germline and somatic cells. Selection and drift (arrow) acting on somatic mtDNA mutations may result in homoplasmic or heteroplasmic cell populations.
required for transcription and two putative origins of replication. The control region is also known as the AT-rich region, the displacement loop (D-loop) (25) , and as the major non-coding region (NCR) (26) . The control region includes hypervariable regions where the rate of mutation accumulation is higher than in the rest of the mtDNA molecule (11, 27) . Hypervariable regions may be hotspots for the accumulation of new mutations or, alternatively may reflect ancient mutations that have been 'shuffled' among distinct lineages through the process of recombination (28) . Stoneking (29) found that new mutations in the control region of human mtDNA occur preferentially in the two hypervariable regions (HVI and HVII) in germline, heteroplasmic somatic and tumour cells. Further, the rate of mutation accumulation in HVI and HVII was not different between the three cell populations, suggesting that the variability is caused by new mutations. In the next section, we ask whether the rate of mutation accumulation is higher in the mtDNA than in the nuclear genome of animals.
Is the mtDNA mutation rate really high?
Here, we consider evidence for the high rate of mtDNA mutation in the cases of inherited and somatic mutations. We suggest it is important to understand these patterns as they influence our interpretations of evolution and disease. In the context of inherited mutations, the rate is the per generation occurrence of genetic changes in the mtDNA (changes/site/generation). Somatic mtDNA mutations have important consequences for understanding evolution, but perhaps regrettably tend to be of more interest to those studying human degenerative disease. It is regrettable because interpretations of population history may be biased if mtDNA's are sampled from different tissues in which the fate of genetic variants has been differentially influenced (30, 31) . Further, the process of somatic mutation may give insight into the mechanisms underpinning the accumulation of inherited mutations. In the context of human disease, the somatic mutation rate usually refers to genetic changes within a tissue (changes/site/tissue), but it can also refer to a single cell (changes/ site/cell). Importantly, mtDNA mutations may accumulate in clonal cell lines (32) and this has potential to influence biological, physiological and biochemical interpretations.
Published estimates of the rate of inherited mutations per generation in animal mtDNA are often reported to be high relative to those estimated for nDNA (5, 33) . The high estimates may be misleading among and between genomes for two reasons. First, the actual rate of mutations can differ among genomes. In this case, mutation accumulation studies can provide robust estimates of the inherited mutation rate. Second, differences in selection/drift can also influence the observed levels of polymorphism within the genomes. Here, sequencing studies of genetic variation within and between genomes can provide estimates of nucleotide diversity.
Rate of inherited mtDNA mutations
Compelling evidence for a high mtDNA mutation rate come from mutation accumulation (MA) experiments that propagate single individuals over many generations. Trio studies also can provide direct estimates of mutation rates. Propagation of a single individual each generation forces the mtDNA through a genetic bottleneck that minimises the effects of selection and allows for the accumulation of all but the most deleterious mutations. This strategy has been accomplished by employing isogenic MA lines in model organisms. In a most elegant study, Denver et al. /site/generation, a rate two orders of magnitude greater than that estimated by phylogenetic methods and also higher than rates derived by pedigree analysis. A study of Drosophila MA lines that were propagated over an average of 200 generations produced a similarly high estimate of 6.2 × 10 -8 mutations/site/generation (34) . The observed level of nucleotide polymorphism can vary across genomes for several reasons including differential selective constraint, recombination and genetic linkage, sequence context and the presence of surrounding polymorphic sites (35) (36) (37) (38) . To test whether the substitution rate of mtDNA and nDNA genes were discrete or overlapping we plotted the distribution of data from a study by Moriyama and Powell (39) that compared the observed synonymous substitution rates between 9 mtDNA and 36 nuclear genes from Drosophila melanogaster and D.simulans ( Figure 2 ). The use of synonymous substitutions accounts for nucleotide composition differences between genomes. Compared on a whole genome basis the median substitution rate of mtDNA is more than twice that of nDNA, 0.22 ± 0.03 substitutions/site (± SE) compared to 0.09 ± 0.01 substitutions/site, respectively ( Figure 2 ). It is very clear, however that substitution rates overlap. The nuclear-encoded gene sala has 0.18 substitutions/site and the mtDNA-encoded ATP6 has 0.09 substitutions/site.
The pedigree and phylogenetic approaches often used to estimate the mtDNA mutation rate are independent but each introduces its own bias. Pedigree methods will include both inherited and somatic mutations while phylogenetic methods include primarily, but not exclusively, the former. For example, a pedigree approach estimates the human mtDNA mutation rate to be 2.7 × 10 -5 /site/generation (40) . In contrast, a phylogenetic approach estimates the rate to be 2.6 × 10 -6 /site/generation (41) . Both assuming an average generation time of 27 years (40, 41) . Independent of the method used, both estimates are higher than the ~1.2 × 10 -8 /site/generation estimated for base substitutions in the nDNA of human germline cells (42) (43) (44) . Other examples of higher mtDNA mutation rate compared to that of nDNA occur in the mouse, chimpanzee and Adelie penguins. The mouse has a mutation rate of 1.5 × 10 -4 /site/generation for mtDNA and 5.4 × 10 -9 /site/generation for nDNA, estimated using a pedigree approach (45) . In comparison, the chimpanzee has an estimated mtDNA mutation rate of 1.5 × 10 -6 /site/generation (46) compared to 1.2 × 10 -8 /site/generation for nDNA, estimated using a phylogenetic approach (47) . A study that included both fossil and living Adelie penguins indicated a mtDNA mutation rate 2-7 times higher than that estimated for the nuclear genome (48) . In the next section, we consider the rate of somatic mtDNA mutation. The rate of somatic mtDNA mutation is of interest because it may give insight into the accumulation of inherited mutations. Further, there is a positive correlation between accumulated deleterious mtDNA mutations and human degenerative diseases, ageing and cancers (9, 49) .
Rate of somatic mtDNA mutations
In natural populations, somatic mutations are distinct from inherited mutations as they arise outside of the germline in differentiated tissues. In cancer cells, somatic mtDNA mutation occurs at a relatively high rate, about 10 -7 per generation or about 1 mutation every 1000 cell generations (50, 51) . In normal, non-cancerous, tissues determination of the mutation rate is more difficult due to the confounding of new somatic mutations with a low level of inherited or heteroplasmic mutations that expand clonally within an organ or tissue. Two careful studies artfully deal with the confounding effects and we discuss them in this section.
Greaves et al. (52) quantified the occurrence and accumulation of somatic mtDNA mutations over the human lifetime. They observed a steady, low rate of somatic mtDNA mutation and an increased mutational load with age due to clonal expansion of mutant mtDNAs. To eliminate confounding inherited mtDNA mutations they sequenced mtDNA from colon endothelium and buccal swabs of the same subjects in two age groups (under 26-and over 70-years of age). MtDNA mutations that occur in both colon and buccal tissues are likely to have been inherited through the germline or have a common early embryological origin. Buccal and colonic endothelial cells are both derived from endoderm and the fore and hind gut tissues become separated in weeks 3-4 of gestation (53) . The frequency of early mtDNA mutations did not differ significantly between young and old subjects showing that the rate of inherited mtDNA mutations was the same for both groups. Clonally expanded, somatic mutations were then revealed by subtracting the set of inherited mutations from the total mutation set. Somatic mtDNA mutations were found to occur ten times more frequently in older than in younger subjects suggesting the somatic expansion of existing mutant mtDNAs with age. Moreover, there was a very low proportion of non-synonymous mutations in the inherited mtDNA mutation set compared to that of the somatic mtDNA mutation set (~10 and 45% of all mutations, respectively). Combined, these data suggest that clonal expansion of slightly deleterious somatic mtDNA mutations that accumulate at a low rate might produce the appearance of an increased mutation rate in older animals.
A thorough study of somatic mutation accumulation in mouse liver showed a low, constant rate of somatic mtDNA mutation and increased mutation frequency due to clonal expansion of mutant mtDNA (54) . Clonal expansion may be promoted when a cell attempts to recover from an energy deficit caused by an OXPHOS defect. The mitochondrial unfolded protein response (mtUPR) is one mechanism by which cells respond to OXPHOS dysfunction (55) . Lin et al. (56) observed the selective propagation of a mtDNA containing a 3.1 kb deletion when the mtUPR was activated in the muscle of C.elegans. The underlying causes of inherited and somatic mtDNA mutations likely overlap and we consider them in the next section. It is likely, however, that the relative role of ROS induced mutations is greater in somatic cells as an organism ages.
What causes mtDNA mutations?
It has been postulated that the high rate of mutation in mtDNA results from a combination of susceptibility to mutagens and a lack of repair mechanisms in the mitochondria. In the classical conception of the mitochondrial theory of ageing, ROS produced during OXPHOS create a highly mutagenic environment in the mitochondrial matrix that leads to DNA damage and accumulation of mutations over time (57, 58) . While both ROS and mutant mtDNA certainly play a role in ageing, the hypothesis regarding direct damage to mtDNA by ROS is increasingly criticised (59, 60) . It has been shown that mtDNA is resilient to chemical mutagens (59, 61) , lacks the mutational signatures characteristic of ROS and other known mutagens (11, 62) and can clonally expand from low to high frequency in somatic cells (52, 54, 63, 64) . Possible alternative explanations for the high rate of both inherited and somatic mtDNA mutation that are gaining support point to properties of the mtDNA molecule itself, mechanism of replication and processes of mutational bias (54, 59, 64) . First, we consider mutation by chemical modification of the mtDNA as it is the classical view. We then consider the mechanism of replication and then errors in mtDNA replication as a source of mutation. Finally, we discuss the processes underpinning the mutational biases of mtDNA.
Mutation by chemical modification of the mtDNA
It has been postulated that chemical modification due to the highly oxidative environment of the mitochondrial matrix causes both inherited and somatic mtDNA mutation. However, recent studies have questioned whether mutagens, including ROS, lead to extensive DNA damage. There are a number of possible explanations for the lack of a chemical signature of ROS or chemical mutagens in mtDNA. Perhaps, the importance of the mitochondrial nucleoid has been underappreciated. Nucleoids are dynamic protein-DNA structures localised to the inner mitochondrial membrane that package the mtDNA and may afford a similar degree of protection from mutagens as chromatin imparts to the nDNA. An alternate hypothesis is that ROS is rapidly scavenged within the mitochondrial matrix, minimising damage (65) .
Oxidative damage to mtDNA is predicted to induce G → T transversions and C → T transitions. The C → T transition is a normal error of the mtDNA polymerase (66,67) making the G → T transversion more diagnostic of mutation due to oxidative damage. Transversion mutations were not significantly increased in Drosophila mutants lacking both superoxide dismutase (Sod2) and a DNA repair enzyme (Ogg1) that removes oxidatively damaged deoxyguanosine residues (8-hydroxy-2′-deoxyguanosine) suggesting that oxidative damage was not responsible for the higher mtDNA mutation rate (68) . In another study, Wanagat et al. (62) used mice lacking the ROS neutralising enzyme CuZn superoxide dismutase (Sod1(−/−) mice) to test the hypothesis that mitochondrial ROS generated over a lifetime increases the frequency of mtDNA deletion mutations. Sod1 (−/−) mice are used as a model of oxidative stress and exhibit oxidative damage to many tissues over their lifetime. The Sod1 (−/−) mice showed no significant increase in deletion mutations compared to mice having functional Sod1. Both studies demonstrated a resilience of mtDNA to its oxidative environment. [a] pyrene or N-ethyl-N-nitrosourea for 28 days and then quantified mitochondrial point and deletion mutations in liver and bone marrow. Mutagen treatment did not increase the frequency of mtDNA point or deletion mutations over that of controls but did increase mutation frequency in the nDNA. Additionally, in a study of tobacco smoke-related lung cancers and ultraviolet light-induced melanomas, Ju et al. (11) found none of the characteristic nDNA mutation signatures of those mutagens in the mtDNA. In the next section, we consider errors in mtDNA replication as a source of mutation.
Replication error as a source of mtDNA mutation
The predominant mode of animal mtDNA replication is a strandcoupled, bidirectional process that initiates at an origin of replication on the H-strand (O H ) and progresses in both directions (69, 70) . In the current version of this replication model, RNA incorporated throughout lagging strand (RITOLS) (71), the mtDNA is first transcribed by the mitochondrial RNA polymerase and the transcript hybridises to the displaced lagging strand (69) .
Replication of the mtDNA is carried out by a replisome consisting of three nuclear-encoded protein complexes, DNA polymerase-γ (POLγ), consisting of catalytic (POLγA) and accessory (POLγB) subunits, TWINKLE DNA helicase and mitochondrial single-strand binding protein (mtSSB). Mutations in the genes encoding the replisome proteins are a source of mitochondrial disease in humans (68, 72) . Errors of replication may result in accumulation of point mutations and affect mitochondrial OXPHOS function or in large mtDNA deletions causing mitochondrial depletion (9) . DeBalsi et al. (73) and Young and Copeland (74) have recently reviewed the role of the mtDNA replication machinery in mutagenesis and age-related disease.
A likely source of both inherited and somatic mtDNA mutations are errors that occur during normal replication of the mtDNA. In support of replication error as a source of mtDNA mutation, Bratic et al. (64) showed that Drosophila POLγA mutants deficient in exonuclease (exo − ) activity accumulated point mutations and deletions while those deficient in polymerase (pol − ) activity had mitochondrial depletion. When combined in trans in compound heterozygous flies, the mutations were able to complement each other resulting in viable larvae having normal weight and respiration. Moreover, the compound heterozygous flies had increased mutation load but the mutations were clonally expanded in somatic tissues. This indicated that the mutations originated from the germ line and were not unique mutations caused by replication deficiency.
The mtDNA mutation signature observed in cancer cells can be explained by replication error. In cancer cells, Ju et al. (11) found that the mtDNA mutation signature was inconsistent with that known for nDNA in cells exposed to tobacco smoke or ultra-violet light. The same mutational profile was observed across 30 different types of cancers, further suggesting that the mechanism of mutation in somatic cells, like that in the germline, is mtDNA replication. To test this Ju et al. (11) asked whether the mutational signal observed in somatic cells could be extended to explain the sequence composition of the human mtDNA genome. They reasoned that if the mutational mechanism that has generated the C → T and T → C biases of the H-and L-strand in somatic cells is equivalent to that operating in the germ line during human evolution then certain codons should become depleted. A bias would be apparent in the depleted frequency of some third position nucleotides in four-fold degenerate codons. Taking alanine as an example codon, GCG, transcribed from the H-strand appears to have been replaced in human mtDNA by its synonymous codon GCA due to the H-strand C → T bias (L-strand equivalent G → A). Simulations of mtDNA replication using the mutational bias of somatic mutations produced stationary sequence compositions significantly positively correlated with that of human mtDNA (11) . These results suggest that the mechanisms of cancer mtDNA mutation are similar to, if not the same as, those operating in the germline throughout human evolution. Further, it suggests that studies of cancer mtDNA mutation may translate to studies of inherited mtDNA mutations. In the next section, we discuss the processes underpinning the mutational biases of mtDNA.
Mutation biases
The nucleotide composition of animal mtDNAs is variable and has a strand-specific bias in some species. Mammalian mtDNA has a mean G + C content of 40.1% and no strand bias (75) . Insects and flatworms have low G + C content mtDNA genomes (mean 23.6 and 32.4%, respectively) compared to other groups of animals (75) . Representatives of the Drosophila and Caenorhabditis groups have A + T-rich major strands (the sense coding strand for nine of the OXPHOS proteins) (5,76,77). Ballard (77) has suggested that the high A + T composition of Drosophila mtDNA may confer an advantage of replicative speed due to the fewer number of hydrogen bonds between these nucleotides. The lower (less negative) Gibbs free energy associated with fewer hydrogen bonds may allow for the rapid unwinding of the DNA. Rapid replication may also reduce the time in which single-stranded DNA is exposed, reducing the likelihood of mutation (78) . Captivatingly, low G + C genomes are also a hallmark of obligate primary bacterial endosymbionts, which are likely similar to the ancestors of mitochondria (79) .
Animal mtDNA has a strong bias for transition substitutions with observed higher rates of A to G and T to C mutations. In concordance with earlier studies in Drosophila (80,81), Ballard (77) found substitution biases of A or T → C and C → T on the major strand and A or T → G and G → A on the minor strand. HaagLiautard et al. (34) and Montooth et al. (76) have also reported a strong G/C → A/T mutation bias (24 of 25 mutation events resulted in increased A + T). Ballard (77) tested the hypothesis that an underlying mutational bias would be revealed in mtDNA regions under low functional constraint and observed that the A/T bias in sequences between mtDNA genes was lower than the third position of four-fold degenerate codons. Plausible explanations for this intriguing finding are selection for a regulatory function of the intervening sequences or selection for A/T-ending codons (77) .
It is likely that a combination of replication error, selection and drift moderate the observed codon biases in animal mtDNA. In an analysis of codon bias in the mtDNA of 12 Drosophila species, Montooth et al. (76) noted that the codon that matches the anticodon in the majority of Drosophila mitochondrial tRNA genes contains a G/C at the third position. The mutation process that favours A/T moves Drosophila mtDNA away from its ideal genetic code. It was also noted that codon usage bias differed between genes coded on opposite strands. The NAD dehydrogenase (ND) genes coded on the minor strand most frequently use codons that mismatch the majority of two-fold degenerate codon groups suggesting that a biased mutation process rather than weak selection on silent sites underlies the pattern of substitutions. However, the genes encoding cytochrome c oxidase (CO) show a decreased codon usage bias, most often using codons having A/T at the third position indicating that weak selection for codon anticodon matching exerts more pressure on CO genes than on ND genes (76) .
Supporting the hypothesis for overlapping mutational processes in the germ line and tissues, the bias toward transition substitutions is also a characteristic of somatic mtDNA mutations. In a study of mtDNA mutations in 1675 cancer biopsies taken from 30 different types of tumour cells, Ju et al. (11) found that 90.9% of the 1907 mutations catalogued were C → T and T → C transitions. The two classes of transitions showed an extreme level of strand bias with 84.1% of C → T transitions occurring on the H-strand, 12.6-fold higher than on the L-strand. On the L-strand 76.8% of transitions were T → C, 4.2-fold higher than on the H-strand. Strand nucleotide composition bias may result in a significant, asymmetric, contextdependent mutation bias (82) . The context dependency of mtDNA mutation has not previously been well studied in animals, however, a study of mutation accumulation in Bacillus subtilis, which has a low G + C content genome, indicated that neighbouring nucleotides can influence site-specific mutation rates by as much as 75-fold (82) . To determine the effect of sequence context on mtDNA mutation in the cancer cells Ju et al. (11) examined the bases immediately 5′ and 3′ to the mutations on each strand. On the H-strand they found C → T substitutions were enriched 8-to 15-fold for the trinucleotide context NpCpG. On the L-strand, T → C substitutions were enriched 5-to 8-fold for a NpTpC context.
There are several additional mechanisms that may mask the mutational signal and warrant further study. Thoughtful reviews of repair and removal of damaged mtDNAs through degradation and mitophagy (selective degradation of mitochondria by autophagy) are presented elsewhere (83, 84) . In the next section, we discuss how the pattern of mtDNA mutations may be influenced by the mode of inheritance, recombination and selection.
Maternal inheritance, recombination and selection
The combination of maternal inheritance and low rates of recombination with a small effective population size in most species predicts that deleterious mutations will irreversibly accumulate over time. Eventually, this will result in a "mutational meltdown" and loss of the mtDNA. The analogy used is that of a ratchet clicking forward with each mutation never able to reverse (85, 86) . In Drosophila, it is estimated that the effective number of mtDNA genomes transmitted per female per generation is 30 (34) and in such a small population without recombination, accumulated deleterious mutations could fix in only a few generations. The fact that this has not happened suggests paternal inheritance with recombination and/or strong purifying selection against deleterious mutations. In this section, we first consider evidence for paternal leakage and recombination. We then consider evidence for selection in germ cells of females and in populations.
Paternal leakage and recombination
The dogma of strictly maternal inheritance began to erode with evidence of paternal mtDNA inheritance in humans (87, 88) . Paternal leakage of mtDNA has now been observed in a number of species including Drosophila (89), wasps (90) , nematodes (91), fish (92) and scorpions (93) . Wolff et al. (89) observed a 0.66% frequency of heteroplasmy due to paternal transmission of mtDNA in a population of East African D.simulans that harbours two distinct mtDNA types. The mechanism by which this high level of leakage occurs is not known. One possible explanation is that paternal mtDNA in the tail of the sperm is not recognised for exclusion by the developing embryo. This hypothesis predicts that species with high levels of mtDNA divergence may be more likely to suffer paternal leakage. It also suggests that there is a genetic mechanism for excluding paternal DNA that may be compromised by mutation.
Recombination of mtDNA may be more common than was thought two decades ago and has now been described in humans (88, 94) , wasps (90) and cancers of dog (95) . If recombination was rare or absent, it would lead to a large departure from mutation equilibrium and have major effects on the mean fitness of a population and its genetic variability (38) . Supporting the hypothesis that a small amount of recombination may be sufficient to remove deleterious mtDNA mutations Strakova et al. (95) found evidence that the mtDNA in canine transmissible venereal tumour cells had been exchanged or shuffled with mtDNA "captured" from normal dog cells.
Selection
It is proposed that the majority of deleterious mtDNA mutations are removed during a genetic bottleneck in the primordial germ cells of the female. The bottleneck occurs in the primordial germ cells when mtDNA copy number is reduced to fewer than about 200 mtDNAs per cell during oogenesis. Analyses of animal mtDNA sequences clearly show purifying selection at this stage in the germ line with strong selection against amino acid changing mutations in OXPHOS protein and tRNA genes (96, 97) . The presence of a developmental mechanism that selects against deleterious mutations has been shown in Drosophila using flies that were heteroplasmic for a temperature sensitive mtDNA allele (mt: CoI(T300I)) (98) . The temperature sensitive allele was reduced in frequency at the point of oogenesis and remained at low frequency over a number of subsequent generations. The persistence of the mutant allele in subsequent generations suggests that the bottleneck does not eliminate all mtDNAs that carry deleterious mutations, leaving the possibility for later clonal expansion of rare mutant mtDNAs. There are currently a few proposed mechanisms that might operate to enforce purifying selection during this bottleneck, however, all must proceed over multiple generations (99) (100) (101) .
Natural selection also influences the observable level of mtDNA polymorphism at the population level (3, 4) . The mtDNA-encoded genes and their associated biochemical and organismal traits comprise a broad target for selection. Consistent with the theory of 'genetic draft', the diversity of mtDNA polymorphism does not scale with population size across animals as would be predicted in the absence of positive selection with mutation and genetic drift in equilibrium (102) . Genetic draft is the fluctuation in haplotype frequencies through genetic linkage with an advantageous mutation (103) . In support of the role of natural selection in shaping the patterns of mtDNA diversity, James et al. (104) propose that about 26% (95% confidence intervals: 5.7-45%) of nonsynonymous mtDNA substitutions are fixed by adaptive evolution. Rollins et al. (105) observed a rapid, adaptive expansion of a single mtDNA haplotype in a population of invasive starlings in Western Australia.
Balancing selection may influence the frequency of mtDNA types in natural populations and tissues. Balancing selection refers to a number of selective processes by which different alleles are maintained in the gene pool of a population at frequencies longer than expected by genetic drift alone (106) . In natural populations of animals, inherited mtDNA haplotypes may have significant functional differences dependent on an array of environmental factors. In tissues and organs, mtDNA variants may have significant functional differences depending on energetic demands. In both situations, maintenance of mtDNA variants by balancing selection may increase the level of diversity and influence interpretations of the mutation rate.
Differential selection may also operate in individuals by selecting mtDNA variants from a heteroplasmic mixture to optimise tissue function. Studies in heteroplasmic mouse models by Jenuth et al. (30) and by Battersby et al. (107) have demonstrated biased segregation of mtDNAs to tissues during development. Tissues may exhibit different mtDNA segregation biases even when the variety of alternative alleles is equal (30) . Burgstaller et al. (108) studied segregation bias using heteroplasmic mice created by introducing non-pathogenic mtDNAs from wild mice into a C57BL/6N mouse nuclear and mitochondrial background. They found that segregation bias was not uniform across tissues with wild mouse mtDNAs favoured in mitotic tissues and C57BL/6N mtDNA favoured in postmitotic tissues. One explanation for their result could be that there is stronger selection for maintaining the association between coadapted mtDNA-and nDNA-encoded OXPHOS protein subunits in energy demanding post-mitotic tissues like brain, heart and skeletal muscle (109) . Similarly, in a heteroplasmic mini-pig model, Cagnone et al. (110) observed reduced frequency of variant mtDNAs in highrespiratory organs (heart, brain and muscle).
Selection can also operate indirectly on mtDNA. Cytoplasmically inherited endosymbionts of animals can exert a strong selective pressure on the mtDNA. One particularly compelling case is the evolutionary pressure exerted by the endobacterial symbiont, Wolbachia. Wolbachia is an alpha-proteobacterium that infects up to 60% of insects and filarial nematodes. It shares several key characteristics with mitochondria such as intracellular location, obligate parasitism, reduced genome and maternal inheritance (111, 112) . Due to reproductive advantage, Wolbachia can rapidly expand through insect populations and co-transmit mitochondria (113) (114) (115) . This causes a reduction in mtDNA diversity.
Three additional features of mtDNA that influence the observed pattern of mutation accumulation and may be influenced by selection are worthy of note but are discussed extensively elsewhere. First, the maternal mode of inheritance means that mutations that are deleterious for males but do not affect female fitness can be transmitted from mother to son, the so-called 'mother's curse' effect (116) (117) (118) . Second, the maternally inherited OXPHOS protein subunits encoded on the mtDNA physically interact with nuclear subunits and can result in negative selection against some mtDNA haplotypes in males (119) (120) (121) and cause hybrid breakdown (122, 123) . Third, selection may operate through mtDNA-nuclear interactions (124) . In the next section, we discuss how the environment may influence the health of mitochondria and the pattern of mtDNA mutations in natural populations.
Environmental influences
The environment can influence the frequency of mtDNA haplotypes in natural populations and the health of mitochondria (125) . The frequency of inherited mtDNA mutations has been observed to differ across environmental gradients in humans (126) and birds (127) . In Tibetans, the frequency of the mtDNA mutations T3394C and G7697A are higher among those who reside at high altitudes than in those who live at low altitude (126) . It is suggested that the mutations are adaptations to low atmospheric oxygen concentration. The frequency of a mtDNA type associated with adaption to low atmospheric oxygen was observed to increase with elevation in a hybrid zone between low and high altitude Andean flycatchers (127) . Within individuals, mitochondria respond flexibly to external cues and physiological demand (128, 129) . Environmental stress can promote fission of mitochondria, activation of mitophagy (130) and potentially shift the frequency of mtDNAs in favour of stress-resistant haplotypes. Mitochondria may also fuse to enhance the efficiency of ATP production (131) . A study of the effects of exercise on mitochondrial efficiency and ROS production in obese women showed restoration of both to levels that were observed in lean controls (132) . Additionally, activation of the mitochondrial fission protein, dynamin-related protein-1, is inhibited by exercise (133) . In this section, we focus on two examples and consider the potential for temperature to influence the frequency of mtDNA types in natural populations and diet to influence mitochondrial health in individuals.
Temperature
The influence of temperature may be more important in endotherms than ectotherms. Variation in mtDNA haplotype has been documented along gradients of environmental temperature (134) (135) (136) (137) , latitude (138) and altitude (126, 127) . In humans, the association of thermal tolerance and mitochondrial function is debated (139) (140) (141) (142) . However, there are several compelling examples in corals (135) and fish (134, 136) . In larvae of corals native to warm, lowlatitude oceans, heat tolerant mitochondrial function is inherited and imparts a 10-fold greater probability of survival following heat stress compared to the larvae of cool water species (135) . Inherited mtDNA mutations that potentially affect mRNA editing are associated with the altered expression pattern of OXPHOS genes in redband trout adapted to the desert (136) . The altered expression of mtDNA-encoded Complex I and IV genes was proposed to stabilise OXPHOS supercomplexes during heat stress.
Baris et al. (134) suggested that selection in a temporally variable thermal environment enables maintenance of two geographically distinct mtDNA haplotypes in topminnows. They showed that the OXPHOS function of minnows harbouring a northern mtDNA haplotype was responsive to temperature change following acclimation to cold (12°C) but not to heat (28°C) while OXPHOS of minnows harbouring a southern haplotype responded after acclimation to either condition. The authors speculated that a loss of OXPHOS function at high temperature could induce a decline in the performance traits of northern haplotype minnows, limiting their range. Alternatively, the authors speculated that the northern haplotype may prevent a mismatch between metabolic rate and nutrient uptake, imposing a functional limit during times of the year when food is less available. It is unlikely that one haplotype consistently outperforms the other because, if all else is equal, this would result in elimination of one haplotype from the population.
Diet
The influence of diet on human and mitochondrial health is a longstanding question in biomedical science (143, 144) . For example, it is predicted that a diet high in protein or certain amino acids may increase both mitochondrial ROS production and mitochondrial biogenesis. Slight increases in ROS in healthy individuals might be beneficial because ROS are required for metabolic regulation. However, similar ROS increases in individuals with mtDNA mutations, or who are already in a diseased state could be deleterious and induce cellular cytotoxic stress (56, 143) . Adjusting dietary nutrients to the individual genotype (nutrigenomics) may be an efficient way to alleviate mitochondrial stress or respond to mtDNA mutations that affect functioning of specific ETC complexes.
Dietary nutrients enter into oxidative production of ATP in mitochondria through the glycolysis of glucose, β-oxidation of fatty acids or oxidation of amino acids. Protein and carbohydrate are the principle nutrients for many invertebrates (145, 146) while mammals also require fats (147) Altering diet may be a mechanism to influence levels of heteroplasmy. Such a response is yet to be described in animal populations, however, a heteroplasmic to homoplasmic shift in mtDNAs carrying a non-synonymous mutation in the mtDNA-encoded ND2 gene was observed in cisplatin-resistant A549 small cell lung cancers (148) . The shift in haplotype frequency was associated with elevated expression of peroxisome proliferator-activated receptor γ co-activator-1α (PGC-1α) and PGC-1β in cisplatin-resistant cells. Increased PGC-1α and -1β expression enhances fatty acid oxidation by transcriptionally activating genes that function in β-oxidation, OXPHOS, lipid secretion and removal of ROS (149) . The result suggests that the frequency of mtDNA variants in cells is responsive to nutrient use. Further, it suggests that manipulating the dietary nutrient composition may be an efficient response to mtDNA mutations that impact human health.
Currently, dietary modification is recommended for management of some human diseases, including obesity and type-II diabetes but perhaps the strategy could be expanded. For example, a ketogenic (high fat, moderate protein, low carbohydrate) diet is recommended for managing epilepsy and is also under trial for some inherited mitochondrial diseases and cancer (150) . This ketogenic diet lowers the NADH: FADH 2 ratio possibly reducing ROS produced from Complex I. Potentially, similar nutrient adjustments may compliment traditional drug-based therapies for cancer and neurodegenerative diseases by minimising the production of potentially damaging levels of ROS (8) .
Conclusions and future directions
We propose that it is important to understand the molecular, cellular and population processes that influence the rate and pattern of inherited and somatic mtDNA mutations because they influence our interpretation of evolution and disease. The inherited rate of mutation is higher for the mtDNA than for the nuclear genome but we need to consider that somatic mutations may influence mutation rate estimates. The mtDNA is surprisingly resilient to chemical mutation by common mutagens of nDNA and by ROS. Current evidence suggests that errors of replication and repair are the primary cause of both inherited and somatic mtDNA mutations. However, the specific proteins involved and mechanisms that regulate rate and biases need to be fully elucidated. ROS may play a relatively larger role in mutation in somatic cells under stressful conditions and with increasing age of an animal.
The observed frequency of inherited mtDNA mutations is influenced by mode of inheritance, parental leakage, recombination and selection. The lack of mutational meltdown predicted by uniparental inheritance is likely abrogated by a low level of paternal leakage and recombination. These processes may not be as rare as once thought and the mechanisms that promote their occurrence merit greater study. Selection can act to eliminate harmful mutations and can influence the observed frequency of both inherited and somatic mtDNA mutations.
The mitochondrion's response to the environment may influence the diversity of mtDNA haplotypes in populations and mediate human health. Environmental variables such as temperature and diet may influence the observed frequency of mtDNA in natural populations making it of interest for predicting population dynamics in the face of global climate change. We suggest that mitochondrial health may be optimised by manipulating dietary nutrient composition and such strategies warrant further study.
It is clear that many of the cellular and population processes that govern the rate, pattern and accumulation of mtDNA mutations are common to both inheritance and somatic mtDNA mutation. For example, the mechanisms and biases of mtDNA mutation in cells can inform the observed pattern of mutations in populations and considering the dynamics of mtDNA polymorphism in populations may aid in understanding the health implications of heteroplasmic mtDNAs in tissues. Future studies will benefit by incorporating concepts across these levels.
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